The rpoN gene (encoding the sigma factor a") of Escherichia coli was cloned and its nucleotide sequence determined. Promoter probe analysis confirmed the presence of a promoter in a 350 bp fragment covering the start of rpoN. The likely promoter was identified. The nucleotide sequence of the region extending 2.1 kb downstream of rpoN was also determined. This region contained four open reading frames encoding potential polypeptides of 10750, 17959,32492 and 9810 Da; maxicell and T7 promoter studies showed that four polypeptides of similar molecular masses were expressed from this region. The amino acid sequence of the 17959 Da polypeptide showed homology to the enzyme IIA domains of several proteins of the bacterial sugar phosphotransferase system (PTS), and the 981 0 Da polypeptide showed homology to the HPr proteins of the bacterial PTS. The proteins encoded downstream of rpoN are known to negatively regulate 6" activity. The homologies therefore suggest that this effect on t~~~ may be mediated by sequential protein phosphorylation and suggest that there is a link between signal transduction and transcription of 0"-dependent genes.
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pneumonlde indicated that there are at least three ORFs cotranscribed with rpoN, and that they negatively regulate the activity of a5' (Merrick & Coppard, 1989 Stewart, 1985) , which contains the K. pneztmoniae rpolv, was kindly given by D r M. Merrick, University of Sussex, UK). Plasmids constructed during the course of this work are described in the appropriate figure. DNA manipulations. Plasmid DNA was isolated by the alkaline-SDS method of Birnboim & Doly (1979) , and whole-cell DNA was prepared according to Frey et al. (1983) . Bacteriophage DNA was prepared as described in Sambrook et al. (1989) . Enzymes were used according to the manufacturer's instructions and DNA was purified using Gene-clean (BiolOl). Other techniques were performed as described in Sambrook e t al.
(1 989). DNA sequence analysis. DNA sequencing by the chaintermination method (Sanger et al., 1977) was carried out on double-stranded plasmid DNA template using the Sequenase kit (United States Biochemical). Template DNA was purified by CsCl/ethidium bromide density-gradient centrifugation. Primers were either sequencing or reverse sequencing primers from USB, or lbmer oligonucleotides synthesized by Alta Bioscience. Nucleotide and amino acid sequences were analysed using the L~WGCG programs (Devereux et al., 1984) .
Construction of the gene library and screening for rpoN.
Total DNL4 of E . coli 4359 was partially digested with Suu3A and size-fractionated on a sucrose gradient (Frey e t al., 1983) . DNA fragments of approximately 15-22 kb were collected and ligated into the BamHI site of bacteriophage II EMBL3. The resulting plaques were screened with the 1.8 kb ClaI fragment of pMM17 (the K. pneumoniae rpolv gene) which had been labelled with [ C~-~~P ]~A T P (Sambrook et al., 1989) . Southern hybridization of DNA fragments separated by gel electrophoresis was performed as described in Sambrook e t al. (1989) .
Maxicell analysis of polypeptides. E. coli strain CSR603
harbouring the required plasmid was treated essentially as described by Shingler & Thomas (1 984). Labelled polypeptides were analysed by SDS-PAGE (Laemmli, 1970) followed by fluorograph y. T7 promoter analysis. An overnight culture of E. coli JM109 containing the test plasmid was diluted 1 in 20 and grown to OD,,, 0-7 in M9 medium containing 0.4% glucose and 1 mM thiamin. HCl. Duplicate samples were taken; IPTG was added to one set to 0.5 mM and these were incubated for a further 1 h. Rifampicin was then added to 200 pg ml-I (prepared immediately before use in ethanol) and the culture was shaken at 37 "C for 80 min. Then 75 ml [14C]protein hydrolysate (Amersham cat. no. CFB25) was added to each 1 ml sample, and this was left at 37 OC for 10 min. Cells were then harvested and a sample of each analysed by SDS-PAGE (Laemmli, 1970) followed by fluorograph y. Assay for galactokinase. Assays were performed as described by McKenny et al. (1981) .
RESULTS
Cloning and nucleotide sequence determination of rpoN and flanking regions
The gene library constructed in A EMBL3 was screened by plaque hybridization using the 1.8 kb ClaI fragment of pMM17 (which contains the rpoN homologue of K. pneumoniae; Merrick & Stewart, 1985) . From approximately 5000 plaques, eight hybridization-positive plaques were identified and bacteriophage DNA was isolated from these. Restriction mapping showed three related classes of clone. One clone was digested with a variety of restriction enzymes. Southern blotting showed that none gave a single hybridization-positive band, but digestion with BgAI produced two positive bands, of 4 and 6 kb. These fragments were cloned into the BamHI site of pUC18 to give p R P 0 4 and pRPO6 respectively. In this way large flanking regions of DNA could be studied, and as the gene would not be intact, any toxic effect of having rpoN at a high copy number could be eliminated. The nucleotide sequence of the cloned rpoN was determined on both strands (its location assigned by homology to rpoN genes from other bacterial species), and the sequence of upstream and downstream flanking regions was also determined. To ensure that the two BgAI fragments were contiguous, the region around the BgAI site of pMM18 (a plasmid containing the intact rpoN of E. coli, kindly provided by D r M. Merrick) was also sequenced. The nucleotide sequence is shown in Fig. 1 . Downstream of rpoN there are four putative ORFs which are shown in Fig. 1 (designated ORFs II-V). Details of the proteins (designated by P followed by the number of constituent amino acids) are shown in Table 1 . The protein products of ORFs I1 and I11 show high levels of homology to the equivalent proteins of other bacteria. P95 shows 87% identity to that of the K. pneumoniae homologue, dropping to 22% identity to the R. meliloti homologue. P163 also shows 87% homology to the K. pneumoniae ORFIII homologue.
The potential ribosome-binding sites are indicated in also shows the end of a potential reading frame upstream of rpoN. Preliminary data (sequence from one strand only) indicates that this upstream ORF extends at least 550 bp upstream of the indicated stop codon, consistent with analysis reported by Imaishi e t al. (1993) .
Promoter activity upstream of rpoN
The start codon for rpoN is contained within a 350 bp HincII restriction fragment such that 250 bp of DNA upstream of rpoN are present in this fragment. This fragment was cloned into the probe vectors pKOl and pKO6 (McKenny etal., 1981) as shown in Fig. 2 , allowing promoter activity in both directions to be determined. The assay results (Fig. 2) provide evidence for a promoter upstream of rpoN.
A potential Ea5' promoter is indicated in Fig. 1 Plasmid pRP04 (which contains 0.8 kb of the rpoN ORF and 3.4 kb of downstream flanking DNA) was digested with EcoRI and Hind111 as shown in Fig, 3 . The 3.3 kb fragment was then treated with DNA polymerase to fill in the single-stranded ends and inserted into pGBT30 (Jagura-Burdzy e t al., 1991) or pGEM3Z (Promega) which had been digested with SmaI ; the resulting plasmids (pRP0200 and pRPOl00 respectively) were then transformed into the requisite strains. Plasmid pRP0200 was then subjected to maxicell analysis and pRPOl00 to T7 promoter analysis. Both plasmids showed the same four polypeptide products of 8,11, 19 and 30 kDa (Figs 4 and 5). deletion was also made in pRPOlOO as shown in Fig.  3 . This removes the last 1-55 kb of inserted DNA such that ORFII and ORFIII remain intact and 0.5 kb of ORFIV remains intact. The result of analysis of this plasmid, pRPO101, is shown in Fig. 5 . While the bands of 8 and 19 kDa remain the same, the 30 kDa protein is reduced in size to 24 kDa, and the 11 kDa protein disappears. ORFII and ORFIII encode predicted proteins of 10750 and 17959 Da respectively, which are presumably the proteins of 8 and 19 kDa observed experimentally. The polypeptide of 30 kDa which becomes truncated to 24 kDa in pRP0101 is that encoded by ORFIV (encoding a polypeptide of 32492 Da), as this ORF is truncated to 0.5 kb in pRP0101, and would terminate in vector sequence. Finally the last ORF (encoding a protein of 9810Da) must produce the polypeptide of 11 kDa, as this is lost in the deleted plasmid. It is of note that while ORFII produces a larger polypeptide than ORFV, upon electrophoresis it demonstrates a greater mobility. This is accounted for in that the product of ORFV is much more acidic (see isoelectric points in Table l ), so would bind less SDS and run more slowly on SDS-PAGE.
The polypeptide data indicate that the ORFs observed in the nucleotide sequence are cotranscribed with rpoN. In addition, no other polypeptide products were seen on any analysis even though pRPOl00 and pRP0200 contain ample coding capacity for further ORFs. This would therefore indicate that ORFV is the last ORF of the rpoN operon, consistent with our identification of a likely rhodependent terminator after ORFV (see above).
DISCUSSION
The work reported in this paper places a promater to within 260 bp of the rpoN start codon and a probable promoter has been identified which is conserved in the K. pnezamoniae rpoN gene (Merrick & Stewart, 1985) . This is in agreement with work on the promoter of the R. meliloti rpoN, for which the 5' end of the mRNA was mapped to about 70 bp upstream of the start codon (Albright e t al., 1989) . Therefore rpoN could be the first gene in the operon. However, previous studies have also demonstrated the presence of a conserved ORF of unknown function upstream of rpoN in several bacterial species, but with intervening lengths of D N A ranging from 12 bp in T.ferrooxidans (Berger e t a/., 1990) to 180 bp in R. meliloti and P. pzatida (Albright e t al., 1989; Inouye e t al., 1989) . Thus in R. meliloti the promoter lies in the region between the two genes but in E. coli the postulated promoter overlaps ORFO and there is no transcriptional terminator to block transcription across ORFO entering rpoiV.
A potential ribosome-binding site for rpoN is shown in Fig. 1 . While this sequence (AGGAGA) would appear to be a near-classical consensus motif, it is situated 14 bp from the start of rpoN. This may be a contributing factor in the low level of expression of rpoN (Castano & Bastarrachea, 1984) .
The proposed E. coli a5' is a protein of 53902 Da. This differs slightly from that reported by Sasse-Dwight & Gralla (1990) as a result of two frame-shift differences in the DNA sequences (see Results). Many motifs and homologies of a54 proteins from other bacterial species have been described previously (Merrick e t al., 1987; Sasse-Dwight & Gralla, 1990 ) and will not be repeated here. P95 (the product of ORFII) shows 38 YO amino acid identity to the product of an ORF preceding pheA of E. coli (Hudson & Davidson, 1984) ; this similarity was previously reported for the K. pneumoniae homologue by Merrick & Coppard (1989) .
The genes corresponding to ORFII and ORFIII downstream of rpoN are known to negatively regulate the transcription of a"-dependent genes (Merrick & Coppard, 1989) . In view of possible polar effects and the possibility of interactions between products of other downstream genes we should not assume that only ORFII and ORFIII are involved in this regulation. The mode of action of this regulation is unknown. However, the polypeptides encoded by these genes show some interesting homologies which have led to the proposal that these genes sense nitrogen and carbon levels and regulate RpoN by phosphorylation . We find that not only the protein encoded by ORFIII (previously observed) but also that encoded by ORFV (not previously observed) show high levels of sequence similarity to domains of the phosphoenolpyruvate : sugar phosphotransferase system (PTS) of bacteria. This system essentially comprises two general proteins, enzyme I and HPr, and the sugar-specific enzyme I1 complex . A phosphoryl group is transferred from phosphoenolpyruvate to enzyme I, to HPr, and then to the enzyme I1 complex. This complex is responsible for the uptake and concomitant phosphorylation of sugars. Enzyme I1 can consist of up to four distinct domains, though it commonly comprises a transmembrane domain (IIC) and two hydrophilic domains (IIA and IIB), each containing a sequentially-phosphorylated amino acid residue. Enzyme I1 may also have domains which serve as the general proteins enzyme I and HPr .
P163 (the product of ORFIII) shows sequence similarity to the IIA domains of the fructose-specific enzyme I1 of S.
pphimzlrium and R. capsulatus (Geerse e t al. , 1989 ; Wu e t al., 1990) , and the mannitol-specific enzyme I1 of E. coli and Stapbylococczls carnosus (Lee & Saier, 1983; Fischer e t al., 1989) . This observation has been previously reported by Reizer e t al. (1992) and Imaishi et al. (1993) .
We show here for the first time that P90 (the product of ORFV) shows similarity to the HPr proteins and HPr-like protein domains of the PTS. An alignment of all known HPr sequences with P90 is shown in Fig. 6 
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A similarity to a region of PgtA, an activator of the phosphoglycerate transport system of S. pphimzlrizlm (Yu & Hong, 1986) , and to NarX, part of a two-component regulatory system which senses nitrate and nitrite concentration (Stewart e t al., 1989 ; data not shown).
The bacterial PTS controls more than just the translocation of sugars across the membrane ; it is involved in the regulation of chemotaxis, carbohydrate permeases not otherwise associated with the PTS, catabolic enzymes, transcriptional antitermination and transcriptional regulation (reviewed in Saier, 1993 , and accompanying articles). The additional similarities reported in this paper for ORFs IV and V strengthen the idea of a link between carbon metabolism and expression of a"-dependent genes, mediated via a phosphorylation pathway. An increasing number of kinases are being found in bacteria, and many responses are known to be mediated by protein phosphorylation. It may be that bacterial signal transduction is not dissimilar to that of eukaryotes, where extracellular signals can activate an elaborate network of intracellular signalling events. In eukaryotic cells a major mechanism of signal integration is that of protein phosphorylation and dephosphorylation, and the control of transcription by such pathways is well established (reviewed in Karin & Smeal, 1992) . We predict that further analysis of this set of genes will reveal a similar system here.
